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Early emergence of deviant frontal fMRI activity for
phonological processes in poor beginning readers
Abstract
Phonological awareness refers to the ability to perceive and manipulate the sound structure of language
and is especially important when children learn to read. Poor phonological awareness is considered the
major cause for the emergence of reading difficulties. In this functional magnetic resonance imaging
(fMRI) study, we examined the brain correlates of phonological processing in young beginning readers
(aged 8.3+/-0.4 y, 2nd grade) with poor (<25th percentile) or normal, age-appropriate reading skills
(>40th percentile) using a covert reading and mental letter substitution task. Letter substitution in words
and nonwords induced pronounced activity in a left frontal language network related to phonological
processing, with maxima in the left inferior frontal gyrus and in the insula. The activation within this
frontal network increased with better reading skills and differentiated between normal and poor reading
young children. Lateralization indices of overall frontal activity for normal and poor readers pointed to
stronger left hemispheric involvement in normal readers as compared to the more bilateral activation
pattern in poor readers. To summarize, young children with age-appropriate reading skills display a left
hemispheric dominance characteristic for language processing already by grade two. The more bilateral
activation pattern in poor readers points to an increased effort and the emergence of compensatory
strategies for reading and phonological processing just 1.5 years after the start of formal reading
instruction.
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Abstract 
 
Phonological awareness refers to the ability to perceive and manipulate the sound structure 
of language and is especially important when children learn to read. Poor phonological 
awareness is considered the major cause for the emergence of reading difficulties. In this 
functional magnetic resonance imaging (fMRI) study we examined the brain correlates of 
phonological processing in young beginning readers (aged 8.3±0.4y, 2nd grade) with poor 
(<25th percentile) or normal, age-appropriate reading skills (>40th percentile) using a covert 
reading and mental letter substitution task. Letter substitution in words and nonwords 
induced pronounced activity in a left frontal language network related to phonological 
processing, with maxima in the left inferior frontal gyrus and in the insula. The activation 
within this frontal network increased with better reading skills and differentiated between 
normal and poor reading young children. Lateralization indices of overall frontal activity for 
normal and poor readers pointed to stronger left hemispheric involvement in normal readers 
as compared to the more bilateral activation pattern in poor readers.  
To summarize, young children with age-appropriate reading skills display a left hemispheric 
dominance characteristic for language processing already by grade two. The more bilateral 
activation pattern in poor readers points to an increased effort and the emergence of 
compensatory strategies for reading and phonological processing just 1.5 years after the 
start of formal reading instruction. 
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Introduction 
 
Poor reading skills represent a major problem in our modern society and are responsible for 
many troublesome school careers and cause considerable social costs. About 5% of the 
schoolchildren are diagnosed with developmental dyslexia, a specific reading disorder. For 
reading acquisition in alphabetic writing systems, preliminary awareness of the sound 
structure of oral language is beneficial (Bradley and Bryant, 1983; West and Stanovich, 
1986). Children with dyslexia have difficulties or even miss to develop phonological 
awareness (Shaywitz and Shaywitz, 2005; Wagner and Torgesen, 1987; Wagner et al., 
1997). They often struggle from the very start when learning the alphabetic principles that 
involve knowledge of grapheme-phoneme correspondences, which initialize the emergence 
of print sensitive brain networks (Brem et al., 2010) and, in turn, critically affect reading 
accuracy and speed as well as spelling and writing (Ehri, 1998; Snowling, 2000).  
Cognitive reading models such as the dual-route model of reading (Coltheart et al., 2001) are 
useful in explaining reading disorders (Snowling, 2005) and the relevance of phonological 
awareness for beginning and skilled reading. Children who learn to read usually rely on the 
indirect route to read words as they first decode words on a letter-by-letter approach by 
translating graphemes into phonemes and subsequent phoneme blending. They thus need 
considerable phonological effort to attain the phonological representation of words for lexical 
access (Ehri, 1998), thereby also explaining the dependency of phonological and reading 
skills.  
Functional imaging studies on phonological processing reported activation in different 
subsystems of the reading system (Richlan et al., 2009; Sandak et al., 2004) such as the the 
left hemispheric brain regions including inferior frontal cortical areas (Bles and Jansma, 
2008; Booth et al., 2007; Cao et al., 2006; Hoeft et al., 2006; Shaywitz and Shaywitz, 2005) 
in tasks involving effortful selection, retrieval or manipulation of phonological representations 
(Fiebach et al., 2002; Fiez et al., 1999), subvocal articulatory rehearsal (Smith and Jonides, 
1998) or the pronounceability of print (Frost et al., 2009). Also, temporoparietal regions 
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including the superior temporal, supramarginal and angular gyri as well as occipitotemporal 
areas have been associated with phonological processes (Church et al., 2008; Paulesu et 
al., 1993; Pugh et al., 1996; Rumsey et al., 1997; Shaywitz and Shaywitz, 2005). Within 
these different subsystems deviant activity in the form of under- or overactivation during 
reading and e.g. phonological processes has been shown in dyslexic as compared to normal 
readers as summarized in a recent meta-analysis (Richlan et al., 2009). In the frontal cortex, 
phonological processing most often has been attributed to the activity in the posterior and 
dorsal part of the inferior frontal gyrus and along the precentral gyrus (Jobard et al., 2003; 
Poldrack et al., 1999; Vigneau et al., 2006), and this frontal activity differed between normal 
and poor readers. Some studies on reading and rhyming in adults found more left inferior 
frontal activation for those with dyslexia than for controls (Brunswick et al., 1999; Rumsey et 
al., 1997; Shaywitz et al., 1998), but others reported more activation for controls (Gross-
Glenn et al., 1991; Paulesu et al., 1996). Also for children the results are rather inconsistent 
with dyslexia leading to either more (Georgiewa et al., 2002; Temple et al., 2001) or less 
activation in the inferior frontal gyrus (Bolger et al., 2008b; Booth et al., 2007; Booth et al., 
2008; Cao et al., 2006; Georgiewa et al., 1999; Shaywitz et al., 2002). The meta-analyses by 
Richlan et al. summarized the local activation differences between good and poor readers in 
the left inferior frontal gyrus with more pronounced activity in the anterior insula and primary 
motor cortex close to the mouth area and underactivation in the opercular part of the inferior 
frontal gyrus in poor readers. Overactivation in poor readers is usually explained by 
increased effort and the involvement of additional resources or compensatory processes for 
reading (Richlan et al., 2009). Less activity in the reading network of impaired readers 
including the inferior frontal gyrus directly shows deficient processes such as ineffective 
integration of orthographic and phonological information (Bolger et al., 2008b) or 
dysfunctional access to lexical and sublexical phonological representations (Richlan et al., 
2009). Whether or not young normal developing readers in 2nd grade already show 
activation differences to peers with poor reading skills in the form of over- or underactivations 
in specific brain regions will be examined in the present study.  
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Not only left frontal activity has been a matter of debate in normal and poor readers, but also 
differences in hemispheric activity patterns have been discussed and partially quantified by 
reporting lateralization indices (LI) (Gaillard et al., 2003; Gaillard et al., 2000; Wilke and 
Schmithorst, 2006; Yuan et al., 2006). The typical left hemispheric dominance in the 
language networks emerges very early in childhood and has been shown in 7-year-old 
children already (Balsamo et al., 2002; Gaillard et al., 2003). This lateralization further 
increases to adolescence as shown in a verbal fluency task (Holland et al., 2001). The left 
lateralization not only changes in development but is also correlated with reading skills, as 
shown by the increase in activation of left inferior frontal regions in adults (Pernet et al., 
2009) and by a more bilateral activation pattern found with dyslexia (Pugh et al., 2000). The 
right hemispheric activation in poor reading adolescents and adults has usually been 
interpreted in terms of compensation (Eden et al., 2004; Shaywitz et al., 2002). But whether 
the reading network of young poor reading children already differs in the lateralization from 
normal reading peers, which would indicate alternative or even emerging compensatory 
processing strategies to overcome phonological deficits still has to be clarified. 
 
To examine phonological processing, auditory (Booth et al., 2007), visual word (Bolger et al., 
2008b; Cao et al., 2006; Hoeft et al., 2006) or letter rhyming tasks (Paulesu et al., 1996; 
Shaywitz et al., 1998; Temple et al., 2003) have typically been used. In German visual 
rhyming tasks, rhyming word pairs usually have an increased visual similarity compared to 
nonrhyming pairs, with the consequence that pure visual matching strategies allow to solve 
rhyming tasks, without phonological processing. Other paradigms used to study phonological 
processes are word vs. pseudoword and/or pseudohomophone reading (Kronbichler et al., 
2007; Miellet and Sparrow, 2004; van der Mark et al., 2009). Yet, poor beginning readers 
may have difficulties to distinguish between words and pseudohomophones due to the lack 
of orthographic knowledge. To overcome these problems, we used a covert reading and 
mental letter substitution task suited to track the activation pattern in 8-year-old age-
appropriate and poor beginning readers in 2nd grade. This task involved reading words or 
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pseudowords followed by the mental substitution of a letter and a final lexical decision. The 
control condition, similar to the substitution condition involved reading and memorizing words 
and pseudowords as well as lexical decisions but no active manipulation of the sound 
structure of the memorized word or pseudoword was required. The contrast of the two 
conditions thereby accentuate phonological processing in our children with little reading 
experience and minimize other processes such as lexical decisions or working memory 
involvement.  
Taken together, despite growing knowledge about phonological processing and the reading 
network in children and adults, little is known about brain processes at the very beginning of 
reading acquisition, when the problems of dyslexic children start to emerge. The present 
study therefore examines neural and functional differences presumably before less efficient 
reading strategies of poor readers are consolidated.  
 
 
Materials and methods 
 
Study design and subjects 
Fifty-two healthy, right-handed native (Swiss-) German-speaking 2nd-grade children 
participated in this study, which included a behavioural test battery, electroencephalography 
(EEG), and functional magnetic resonance imaging (fMRI) recordings in separate sessions. 
The data of 17 children were excluded from analyses due to either poor task performance 
(accuracy < 65%, n=11), excessive movement during the fMRI scan (translation/rotation: 
>2mm/2°, n=4), developmental speech disorder (n=1) or problems with attention (n=1) 
according to the Child Behaviour Checklist CBCL (Achenbach, 1991) completed by the 
parents. The remaining 35 children (mean age 8.3 ± 0.4 years; 21 girls) all reported normal 
or corrected-to-normal vision and had an estimated IQ of ≥85 (block design test of the 
HAWIK-III) (Tewes, et al. 1999). The children (n=35) were grouped into normal, age-
appropriate (NR; >40th percentile; n=18, mean age 8.3 ± 0.4; 11 girls) (Manis et al., 1996; 
 7 
Shaywitz et al., 2003) or poor readers (PR; <25th percentile; n=14, mean age 8.3 ± 0.3; 7 
girls) (Rutherford, 2006; Shaywitz et al., 2002) according to their reading performance 
(number of correctly read words per minute, subtest of Salzburger Lesetest: SLT) (Landerl et 
al., 1997). The three remaining children had reading scores between the 25th and the 40th 
percentile (gap group, 2 girls) and were only included in regression analyses. The 11 children 
that were excluded on the basis of poor performance in the fMRI task belonged to all three 
reading performance groups (NR n=6, PR n=4, and gap groups n=1) and did not show 
clinical or subclinical attentional problems according to the CBCL. Informed consent for 
participation in the study was given by one parent/caretaker of the child and the children 
gave assent. The study was approved by the local ethics commission. Children received a 
book voucher of CHF 50 for participation in the study.  
 
Task 
The covert reading and mental letter substitution task performed in the MR scanner is 
illustrated in Fig. 1. German words or pseudowords consisting of four capital letters 
(graphemes), with one of its letters (first or last) marked in red, were presented for 1.6 
seconds. The marked letter then had to be mentally replaced by a subsequently presented 
single letter. Subjects then performed a lexical decision and decided whether or not the 
newly formed (generated) letter string referred to a real word (W) or a pseudoword (Pw). The 
regular orthography in German allowed letter-by-letter1 reading, and therefore, the words had 
not to be read as a whole in order of getting a phonological correct representation. There 
were two different types of trials: In the substitution condition S, children had to mentally 
replace a letter of a W or Pw resulting in a different W (SW; generating new words, W-W: 
NEST (English nest) – R – rest (English rest), Pw-W: TELS – F – fels (English cliff)) or Pw 
(SPw; generating new pseudowords, Pw-Pw: HAPO – E – hape, W-Pw: HASE (English 
rabbit) – U – hasu). In the control condition C the letter marked in the W or Pw had to be 
                                               
1
 Only few words and pseudowords (8 S, 8 C) included also complex graphemes or diphthongs consisting of two letters (e.g. ch, 
au, ei). However, in those items the two letters forming the complex grapheme/diphthong were never changed by a 
manipulation (substitution of a letter) and therefore always represented the same sounds across the whole trial.  
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replaced by the very same letter, requiring no further mental phonological manipulation or 
letter substitution. The two control trial types included words (CW; W-W: LAND (engl. land) – 
D – land) and pseudowords (CPw; Pw-Pw: FOLI – F – foli). The position of the letter to 
replace (always first or last letter in a W, Pw), word frequency (http://wortschatz.uni-
leipzig.de/: substitution 395±2.3; control 416±2.3; p=0.327), bigram-frequency (sum of the 
number of occurrences of each bigram of a W, Pw in the CELEX database; substitution 
700746±5326; control 694203±5118, p=0.920) (Baayen et al., 1993) and word type (verb, 
noun) were balanced between the conditions. A total of 112 trials were presented (56 
substitutions, 56 controls). Target trials (20%, half substitution and half control trials) were 
followed by a question mark flanked by the response options. There, children decided by 
button press with middle and index finger of their dominant hand, whether the newly 
generated letter string was a word (“” button) or a pseudoword (“x” button). The assignment 
of the response buttons to the word-pseudoword judgment in the target trials was 
counterbalanced across subjects (15 children right button for word/ 20 children right button 
for pseudoword and vice versa: the slight overrepresentation of the assignment “pseudoword 
right”/ “word left” resulted from the exclusion of 17 children). The children were instructed to 
mentally substitute the marked letter in every single trial as soon as the letter was presented 
because there was not enough time for the response if they waited for the question mark. To 
allow for event-related modelling 66 null events were randomly intermixed within the trials.  
Given that the task required word and pseudoword reading as well as substitution of letters, 
especially for PR the task was quite difficult. To ensure that the analyses included only 
children who were able to perform the task with moderate to good performance, children with 
a total performance below 65% in both conditions were excluded. Because of the high 
number of children with poor task performance (n=11), we have repeated the core analyses 
also for an enlarged group of 46 children by including those children with poor task 
performance. The results of the enlarged group are summarized in the Supplementary 
material online (A) and converged with our core results.   
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Behavioural assessment and statistics 
Before the imaging sessions an assessment of reading and writing skills (Landerl et al., 
1997) phonological skills (“Basiskompetenzen für Lese-Rechtschreibleistungen BAKO”: the 
total score included seven subtests: pseudoword segmentation, vowel substitution, rest word 
identification, phoneme inversion, sound categorization, vowel length determination and word 
inversion) (Stock et al., 2003), working memory (adapted digit span forward and backward by 
repeating colour names with behalf of a visual template), rapid naming (RAN) and estimated 
verbal and nonverbal IQ (HAWIK-III: Hamburg-Wechsler-Intelligenztest für Kinder; subtests 
block design (non-verbal) and similarities (verbal)) (Tewes et al., 1999) were conducted at 
the children’s home. In this assessment, all words and pseudowords used in the experiment 
were read and classified by the children as existing or non-existing to make sure the children 
were familiar with the words and were able to identify the pseudowords. Whenever a 
word/pseudoword was misclassified, they were explained to the children. Further the two 
methods (EEG and fMRI) were explained to the children with pictures to prepare them for the 
imaging sessions. Parents rated the child's behavioral problems and competencies by the 
CBCL questionnaire (Achenbach, 1991).  
Group differences between NR and PR were assessed with independent t-tests for age, 
attentional scores, estimated verbal and nonverbal IQ, working memory, rapid naming, 
phonological skills (total score BAKO, measure in percentile), reading (SLT: correct words 
per minute, measure in percentile) and writing scores.  
For the covert reading and mental letter substitution task, we analysed the accuracy and 
reaction time on correct targets and compared in scanner performance between conditions 
(substitution and control) and groups (NR and PR). A multivariate analysis of variance 
(MANOVA) was calculated for accuracy and reaction time separately with factors condition 
and group. Posthoc t-tests were used when necessary to explain MANOVA results. 
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fMRI recordings, processing and analysis 
Functional imaging data was acquired on a 3-T (GE Medical Systems) scanner in the 
Children’s Hospital in Zurich using a T2*-sensitive ultrafast multislice echo planar imaging 
(EPI) sequence sensitive to blood oxygen level-dependent (BOLD) contrast. In the fMRI 
sessions, particular care was taken to stabilize the children using custom-made padding and 
fixations. Children wore earplugs and headphones and a noise insulation mat was used to 
protect from scanner noise. Visual stimulation was accomplished with MR compatible TFT 
video goggles. The whole scanning session lasted for about 2.5h, including the scanning 
procedure demonstration with a teddy bear, an audiovisual word and false font processing 
task and a simple reading task not being described here. Children took at least one break 
outside the scanner in between the different tasks. The order of the three tasks was 
counterbalanced across subjects so that the covert reading and mental letter substitution 
task was at the beginning of the scanning session for 9 children, at the end for 10 children 
and in the middle for 16 children. The slight inconsistency in balancing resulted from several 
exclusions. But a supplemental MANOVA for task performance (accuracy for substitution, 
control) in which children were grouped according to the order of the tasks in the scanning 
session (task order: start, middle, last) revealed no main effect of task order (neither for the 
whole group (F(2,32)=2.16, p=0.13) nor for the separate groups of PR (p=0.586), NR (trend 
p=0.056)). Because of the lack of major performance differences with task order no further 
analyses were conducted. 
Recordings of 442 volumes were conducted (32 axial slices, TR = 1700ms, TE = 31, matrix 
64x64, voxel size=3.44 x 3.44 x 3.8 mm3, flip angle 70°, FOV=220mm2). To exclude T1 
saturation effects the first 4 volumes were excluded from analysis.  
SPM5 software (Wellcome Department of Cognitive Neurology, London, 
http://www.fil.ucl.ac.uk/spm) was used for image processing and statistical analysis. 
Standard processing steps included slice-scan-time correction, realignment, normalization of 
the images using a 7th-degree spline interpolation method to match to the Montreal 
Neurological Institute template (MNI) as in other studies with children (Beaulieu et al., 2005; 
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Bolger et al., 2008a; Kucian et al., 2006; Schulz et al., 2008; van der Mark et al., 2009), 
resampling to isometric voxels (3 mm3) and smoothing with a 9mm full-width at half 
maximum isotropic Gaussian kernel. Although transforming children’s brains to an adult 
standard atlas may introduce some shape and variability differences in specific locations, 
these differences do not substantially affect functional imaging data, especially in children 
older than 7 years of age (Burgund et al., 2002; Kang et al., 2003).  
The event-related activation was filtered with a 128-s high-pass filter and modelled with the 
standard SPM hemodynamic response function. Serial correlations were accounted for using 
an autoregressive model of the first order. In the subject-specific first-level model, the event-
related activation to the onsets of the presented single letters (which determined the type of 
subsequent processing) for each of the four different trial types (SW, SPw, CW, and CPw) 
were modelled separately as events of interest. Further, also the onset of the target (T) 
question mark and the onsets of the initial word/pseudoword were also included in the design 
matrix as events of no interest, resulting in nine regressors (see design matrix in Figure B of 
the supplementary data). The analysis focused on the brain activation related to the mental 
substitution of a letter in a memorized word/pseudoword. Therefore only the activation 
related to the onset of the single letters for either substitution (S: SW, SPw) or control (C: 
CW, CPw) trials was further investigated and compared. 
 
Brain activity pattern underlying letter substitution  
Whole brain voxelwise analyses: Statistical parametric contrast maps of t-values (SPM t-
maps) were generated by computing the averaged intensity of voxels in the t-statistics. All 
statistical thresholds reported are corrected for multiple comparisons (p<0.05) using a cluster 
extent threshold. To enforce an a priori corrected threshold of p<0.05 we used the Monte 
Carlo simulations procedure in MATLAB as detailed in articles by Slotnick (Slotnick et al., 
2003; Slotnick and Schacter, 2004). This procedure models the whole functional image 
volume and takes into account the 3-dimensional smoothing kernel (9mm3) and an assumed 
type I error voxel activation probability (i.e. p<0.005 for the regression and group contrasts, 
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p<0.0005 for the condition contrasts). After performing 10’000 simulations, the cluster extents 
that yielded a p<0.05 for the assumed p-values (p<0.0005, k=15 and p<0.005, k=24were 
selected for use in cluster extent thresholding. 
We report the results of 2nd-level random effect analyses based on the individual contrast 
images to characterize the activation evoked by each condition (vs. rest) and the condition 
difference for the whole sample and for each subgroup separately (Fig. 2).  
Two-sample t-tests were used to determine group differences for each condition and the 
condition contrast (substitution vs. control). In addition, the contrast images of substitution 
versus control trials were correlated with the children’s reading scores. Activated brain 
structures were identified by transforming the MNI coordinate system of SPM5 into the 
standard brain atlas of Talairach and Tournoux, 1988 and using the Talairach Daemon 
(Lancaster et al., 2000).  
 
Region of interest analyses 
Three local maxima in the inferior frontal network (including 2106 voxels; insula INS: x=-33, 
y=21, z=12, anterior inferior frontal gyrus aIFG: MNI coordinates x=-45, y=30, z=15 and 
posterior inferior frontal gyrus pIFG: MNI coordinates x=-51, y=9, z=24) showing more 
pronounced activation to substitution than control trials were chosen for a posthoc region of 
interest analyses (spherical ROIs, radius=8mm). The mean percent signal change of these 
ROIs and their right hemispheric homologues were extracted on unsmoothed images 
(MarsBar version 0.41) (Brett et al., 2002). To characterize the condition main effect revealed 
by the whole brain analysis and its modulation by group, 2x2 MANOVAs (group x condition) 
were calculated for each left hemispheric ROI and posthoc t-test were used to clarify the 
interactions. Condition main effects of these MANOVAs are not discussed and the ROIs of 
the left and right hemispheres were not introduced in the same analyses as statements about 
condition main effects and about laterality would have been strongly biased by ROI selection 
(Kriegeskorte et al., 2009). But correlations with the reading and the phonological score were 
computed for the left and right hemispheric ROIs of the aIFG, pIFG and INS. A posthoc 
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correlation of digit span with the ROIs of the condition difference clarified the influence of 
working memory processes. 
In addition to the functionally defined centres of the ROIs INS, aIFG and pIFG we also 
defined two literature-based spherical ROIs. The centres of the additional two ROIs (r=6mm 
to avoid an overlap) based on the recent meta-analyses by Richlan et al. (2009) and included 
two brain areas in the left inferior frontal cortex with either reported underactivation 
(opercular part of the IFG x=-46, y=16, z=6 referred to as ROI “opIFG”) or overactivation 
(anterior insula x=-34, y=18, z=-4, referred to as “aINS”) in dyslexics as compared to normal 
readers. To examine ROI, group and condition differences, the two ROIs were included in a 
2x2x2 MANOVA with between-subject factor group and within-subject factors condition and 
ROI (opIFG, aINS). 
 
Lateralization index 
We were also interested in hemispheric differences in the frontal activation between groups 
and its relation to children’s reading skills. The pickatlas from the SPM toolbox (Maldijan et 
al., 2003) was used to anatomically define a mask of the left and right frontal lobes. 
Afterwards the number of activated voxels for each condition vs. baseline within the left and 
right frontal lobes exceeding a threshold of p<0.001 (uncorrected) was determined for all 
children. The lateralization index (LI) was then calculated for each subject separately by 
subtracting the number of frontally activated voxels on the right side from the activated 
voxels on the left side and then dividing the result by the sum of frontally activated voxels of 
the left and right side (LI = (L-R) / (L+R)) (Holland et al., 2001). The LI was calculated for 
each group and the group difference in LI was examined with an independent t-test. A 
correlation of the LI with the reading score for both conditions was calculated as well. 
Lateralization indices between 0.20 and -0.20 represent bilateral activation (Binder et al., 
1996; Gaillard et al., 2002; Gaillard et al., 2003). We further used the number of activated 
voxels of either condition to determine lateralization differences between groups and 
 14 
conditions with a 2x2x2 MANOVA (condition x hemisphere x group). Posthoc paired and 
independent t-tests were used when necessary to explain MANOVA results. 
A series of correlations between behavioural and fMRI (ROI, LI) measures were computed to 
characterise the results. Because of the problem of reporting false-positives when conducting 
multiple tests we have marked those correlations that survive the stringent Bonferroni 
correction (p<0.002) with an asterisk (*).  
 
 
Results 
 
Behavioural data 
In the full sample (n=35), children’s reading and phonological scores were highly correlated 
(p=0.001*, r=0.520; Fig. 3A). PR and NR did not differ in age, attentional scores given by the 
CBCL, nonverbal IQ, or digit span but PR performed significantly worse on the verbal IQ, the 
rapid naming task, the phonological screening test, the reading test, and the writing test 
(table 1).  
Overall in-scanner task performance in the covert reading and mental letter substitution task 
of the fMRI session was high (mean ± SD: substitution 81.2± 9.8%, control 86.0±11.2%, see 
table 2a). The MANOVA for accuracy with between-subject factor group (NR and PR) and 
within subject factor condition (control and substitution) showed a trend for the main effect of 
condition (F(1,30)=4.1, p=0.053), and a post hoc t-test (p=0.031) indicated that the control 
trials were responded more accurately than the substitution trials. NR and PR performed 
similarly for both conditions. No differences were found for reaction times, neither between 
groups nor between conditions (table 2b). The absence of any differences in the reaction 
time has to be interpreted with care as children were asked to make their lexical decisions in 
their minds before the question mark was shown.  
Both reading (p=0.041, r=0.347) and phonological scores (p=0.004, r=0.475) significantly 
correlated with in-scanner task performance.  
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fMRI results 
Condition difference. For the whole sample of 35 children the left superior frontal gyrus, 
middle frontal gyrus, insula and inferior frontal gyrus displayed more pronounced activation to 
substitution vs. control trials (Fig. 2A and table 3A). When looking at the condition differences 
for NR (Fig. 2B and table 3B) and PR (Fig. 2C and table 3C) separately, only NR exhibited 
more pronounced activation for substitution than control trials in the left frontal cortex, even 
when lowering the threshold to p<0.005, k=24 (Fig. 2B). The absence of any condition 
difference in PR can be explained by the very similar activation pattern seen in PR for 
substitution and control conditions (Fig. 2C) as compared to NR with clearly more 
pronounced activation for the substitution condition in a left frontal network (Fig. 2B). 
Group comparison. The group comparison for the difference of substitution vs. control trials 
revealed more activation for NR in the inferior frontal gyrus and the middle frontal gyrus (Fig. 
2D and table 3D). PR did not show any region with more pronounced activity for the 
condition difference as compared to NR but PR exhibited more pronounced activation in a 
bilateral fronto-temporal network when looking at the substitution and the control conditions 
separately (Fig. 2E and table 3E).  
Brain activity and reading skills. A voxel-based regression analysis of the condition difference 
with the reading score for all 35 children was computed to study the relationship between 
reading skills and fMRI activity. This analysis revealed a positive correlation of fMRI activity 
with the reading score (Fig. 2F and table 3F) in the inferior frontal gyrus and in the insula, 
showing that better reading skills were associated with more pronounced activation for S 
than C in these regions, although task completion for both the substitution and control 
conditions evoked more activity in frontal, temporal, and parietal regions the poorer the 
reading skills of the children (Fig. 2G and table 3G). 
An overview of activation patterns is given in Fig. 2 A-G and table 3. The main condition 
contrasts are also summarized for the whole sample (including the 11 children with poor task 
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performance) in the Supplementary material online (A). The results of the additional analyses 
are in line with the results of the main text. 
 
Region of interest analyses  
ROIs in INS, aIFG and pIFG. Three local maxima in the left inferior frontal network revealed 
more pronounced activation to substitution than control trials over the whole sample (Fig. 
2A). The spherical ROIs with their centres at these local maxima were subjected to three 
separate 2x2 MANOVAs to detect group differences and interactions between groups and 
conditions. No main effects for group were found in any of the three ROIs, but the left aIFG 
and pIFG ROIs pointed to an interaction of condition and group which was explained by more 
pronounced condition differences in NR compared to PR (aIFG: F(1,30)=6.8, p=0.014; pIFG: 
F(1,30)=6.6, p=0.016; Fig. 4 and table 4).  
The reading scores correlated with the activity of the condition difference in the left aIFG 
(p=0.004, r=0.472) and pIFG (p=0.012, r=0.437; Fig. 3B). The activation difference between 
S and C in the right hemispheric homologue of the pIFG tended to correlate with the 
phonological score (p=0.078, r=0.316) and when the reading score was partialled out the 
correlation reached significance (p=0.025, r=0.402). This partial correlation remained 
significant in the group of poor readers only (p=0.017, r=0.646; Fig. 3C). No significant 
correlation was found for the digit span with the condition difference. 
 
Literature-based ROIs in the left opercular IFG (opIFG) and the left anterior INS (aINS) 
(Richlan et al. 2009): The 2x2x2 MANOVA with between-subject factor group and within-
subject factors ROI (opIFG and aINS) and condition as expected revealed a main effect of 
condition (F(1,30)=9.85, p=0.004) with the substitution condition exhibiting more pronounced 
activity than the control condition. Similar to the functionally defined IFG ROIs an interaction 
of condition and group (F(1,30)=5.56, p=0.025), showing a more pronounced condition 
difference in good than poor readers was found. The overall activation did not differ between 
ROIs but tended to be stronger in poor readers (F(1,30)=3.27, p=0.080).  
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Lateralization index in the frontal cortex 
The activities in the left and right frontal lobes were compared by computing the lateralization 
indices for both condition contrasts vs. baseline. Three PR and five NR (and one child from 
the gap group) were excluded from lateralization analyses as they did not show activation for 
both conditions at p<0.001. The average lateralization index for NR (LI substitution: 
0.77±0.23; control: 0.62±0.58) pointed to a clear left hemispheric dominance. PR showed a 
more bilateral activation pattern (LI substitution: 0.03±0.49; control 0.31±0.45) especially for 
the more demanding substitution condition. The independent t-test revealed a highly 
significant group difference for the substitution condition only (p<0.001). Reading scores 
significantly correlated with the lateralization index of the substitution condition (p=0.001*, 
r=0.614) (Fig. 3D). 
The 2x2x2 MANOVA (condition x hemisphere x group) showed that the number of activated 
voxels was greater for PR than NR (F(1,22=8.5, p=0.008), for substitution than control trials 
(F(1,22)=4.54, p=0.044) and within the left than right frontal cortex (F(1,22)=12.6, p=0.002). 
In addition, an interaction of condition and hemisphere (F(1,22)=6.5, p=0.018) was found, 
indicating more activated voxels in the left hemisphere for the substitution condition. Posthoc 
t-tests confirmed the significant hemispheric difference for the substitution condition 
(p=0.001) and showed that poor readers activated more voxels for the control condition in the 
left hemisphere (p<0.001) and for both conditions in the right hemisphere (substitution: 
p=0.029; control: p=0.006).  
 
 
Discussion 
 
Phonological processing is a well-known prerequisite for successful reading acquisition in 
alphabetic languages and phonological deficits are considered as the core deficit in dyslexia 
(Wagner and Torgesen, 1987). In this study we examined brain correlates of phonological 
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processing using a covert reading and mental letter substitution task in groups of young age-
appropriate and poor reading children with little reading experience in their second year of 
formal reading training at school. 
In line with our expectations, reading skills of the 2nd graders were highly correlated with 
measures of phonological awareness confirming the importance of phonological skills during 
reading of beginners. Poor readers not only exhibited lower reading and phonological scores 
but also poorer writing skills, lower verbal IQs and slower rapid naming speed as compared 
to normally reading peers.  
The children performed well during the imaging sessions, given the demanding task involving 
reading and memorizing words or pseudowords, mentally substituting a letter and performing 
a lexical decision. The strong correlation of in-scanner task performance and phonological 
score provides evidence that phonological processing critically contributes to a successful 
task performance. 
 
Inferior frontal activation and phonological processing 
The condition difference indicated more pronounced activity for substitution trials in a left 
frontal language network including the superior, middle, and inferior frontal gyrus as well as 
the insula. No occipito-temporal areas were specifically activated by the substitution trials 
confirming that children did not use purely visual strategies for task completion. Because only 
substitution trials required an additional demanding phonological manipulation of a 
memorized word or pseudoword before lexical access, we strongly suggest that the more 
pronounced left frontal activation revealed during substitution trials predominantly reflects 
phonological processing. These results are in line with several previous studies discussing 
the role of the inferior frontal gyrus in language processing (Bokde et al., 2001; Devlin et al., 
2003; Poldrack et al., 1999) and the meta-analysis of Vigneau (Vigneau et al., 2006) relating 
phonological processing to activity along the precentral gyrus and the dorsal triangular part of 
the inferior frontal gyrus. Because of the changing lexical status and/or semantic content 
within substitution trials only, it is difficult to disentangle purely phonological and semantic 
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activations. An influence on the brain response to substitution trials by semantic or lexical 
conflict during implicit mental matching of the word/pseudoword before and after letter 
substitution cannot be excluded. But semantic operations (Jobard et al., 2003; Poldrack et 
al., 1999; Vigneau et al., 2006) have often been associated with more ventral and anterior 
parts of the inferior frontal gyrus (Fiez, 1997; Vigneau et al., 2006). Apart from phonological 
and semantic processes several studies have also located specific language-related 
processes of verbal working memory in the inferior frontal gyrus (Cohen et al., 1997; Rypma 
et al., 1999). Since working memory load was matched across conditions in the present task, 
it seems unlikely that differences in verbal working memory involvement are responsible for 
the condition differences in the inferior frontal gyrus. This was also confirmed by the absence 
of correlations between the behavioural working memory measure (digit span) and 
phonological activation in the inferior frontal gyrus (aIFG and pIFG) or the insula. 
Furthermore, the short interval (250ms) between the offset of the initial word and the 
presentation of the single letter aimed to minimize working memory load.  
 
Diminished left frontal activity in poor readers 
Activation differences in the dorsal aspect of the left inferior frontal gyrus between normal 
and poor readers were observed for the contrast of substitution vs. control trials. The more 
pronounced activation for normal as compared to poor readers in the left IFG and its 
correlation with reading skills is in accordance with other studies comparing normal and poor 
reading children: Especially with demanding phonological tasks which accentuate the core 
problems of dyslexic readers (Backes et al., 2002; Booth et al., 2006; Cao et al., 2006) 
reduced inferior frontal activation was found in poor reading children, thus underlining 
deficient phonological processing. Not only phonological processing but also semantic 
matching processes of the initially presented (pseudo-)word and the newly generated 
(pseudo-)word may have contributed to stronger frontal activation in fluent readers in the 
condition contrast (Shaywitz et al., 2002). When scrutinizing the brain areas that best 
differentiate between substitution and control conditions in the left IFG and insula it becomes 
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clear that the group differences in the left IFG emerged mainly due to the absence of 
condition differences in poor readers. This pattern indicates similar processing of the 
substitution and control trials in poor readers. More efficient processing of control trials in 
fluent readers was found not only in the functionally defined but also in the two literature-
based ROIs (Richlan et al. 2009). 
 
Overactivation of poor readers in a bilateral frontotemporal network 
The location of activation differences between groups for the phonological condition contrast 
are not in consonant with the recent meta-analysis (Richlan et al. 2009) that summarized the 
results of 17 original studies. Besides activation differences in temporal and parietal regions 
within the left and right hemispheres, Richlan et al. found the most consistent inferior frontal 
underactivation in dyslexic readers in the ventral opercular part of the IFG, while the adjacent 
dorsal opercular part and the more ventral anterior insula exhibited overactivation with 
dyslexia (Richlan et al. 2009). However, it is important to note that the meta-analysis by 
Richlan (2009) comprised a wide variety of studies that (i) examined children of different age 
groups, (ii) concentrated on different aspects of language processing, such as e.g. 
phonological or semantic processes, and (iii) contrasted experimental conditions to baseline 
or low-level control conditions (e.g. fixation or rest). Accordingly, differential activation 
reported for dyslexic vs. control readers reflects rather general differences in language 
processing while our task aimed to isolate specific phonological processes by using a high-
level control condition. Consequently, when comparing the activation found for each 
condition vs. baseline, our poor readers exhibited more activation in an extended and 
bilateral frontotemporal network (Fig. 2E and 2G). The location of the overactivations largely 
correspond to the foci described by Richlan (Richlan et al., 2009), especially those in the left 
and right frontal cortices and the right middle temporal gyrus. In addition, also the left and 
right superior temporal cortices also exhibited overactivation in our poor readers. This 
dissociation between the activation in normal and poor readers indicates that poor readers 
had to invest more resources to accomplish the task independent of condition, resulting also 
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in the lack of condition differences. With the present task design, we can not rule out that 
poor readers have chosen a different strategy to solve the task resulting in a different 
activation pattern. Such strategies may include to memorize only the part of the (pseudo-) 
word that remains the same and adding the subsequently presented letter prior to lexical 
decision in either condition or to articulate the items that had to be stored for subsequent 
phonological manipulations. The absence of differences in behavioural task performance 
between groups shows that, when different strategies were used by poor or fluent readers, 
these strategies were equally successful in terms of accuracy. Our behavioural data, 
however, did not allow drawing any conclusions about whether the speed of processing as a 
sign for efficiency differed between groups. It is very likely that our poor readers spent more 
resources in grapheme-phoneme decoding compared with their normal reading peers. This 
increased effort may at least partly explain the pronounced activation in the superior and 
middle temporal gyri of poor readers because these areas play an important role in 
grapheme-phoneme decoding (Jobard et al., 2003; Price et al., 1996; Rumsey et al., 1997; 
Sakurai et al., 2000). The strong bilateral activation of the superior and middle temporal gyri 
together with the activation in the motor cortex close to the mouth and larynx areas (Brown et 
al., 2008; Price, 2010) in both conditions also indicates more overt articulation in poor 
readers in substitution and control trials to ease the subsequent manipulation and the 
retrieval of semantic information for lexical decisions (Ruff et al., 2008).  
 
More bilateral activity in poor readers 
The lateralization index confirmed the left hemispheric dominance of the substitution trials in 
beginning normal readers, which is in line with other studies examining normal reading 
children (Gaillard et al., 2003; Gaillard et al., 2001; Wood et al., 2004). This left lateralization 
also seen in the voxel wise analyses of the condition difference in the whole sample and in 
normal readers nicely corroborates previous studies reporting early emergence of the left 
hemispheric dominance in language networks (Brem et al., 2006; Brem et al., 2009; Holland 
et al., 2007; Ressel et al., 2008), even though the maturation of this lateralization continues 
until young adulthood (Brem et al., 2006). Poor readers exhibited a bilateral pattern with 
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more activated voxels for both conditions indicating reduced left hemispheric specialization 
along with less focussed language processing, as can be seen in the overall activity of the 
groups for each condition separately (Fig. 2D and 2E). Accordingly, the lateralization index of 
the substitution condition also correlated with the reading score, pointing to increasing left 
hemispheric dominance for better readers. 
Interestingly, the correlation of phonological skills with activity in the posterior right inferior 
frontal gyrus revealed that, when partialling out the reading score, children with good 
phonological skills exhibited more right frontal activation. This correlation was mainly driven 
by the group of poor readers pointing to an increase in the right inferior frontal activity in 
relation to better phonological skills among poor readers. Although these correlations are 
weak and do not survive a stringent Bonferroni correction, the direction of these results is 
important as they converge with a previous study suggesting that the involvement of right 
frontal areas in older poor reading children reflects an attempt to compensate for the 
deficient function of posterior brain areas during demanding phonological, semantic and 
lexical processing (Shaywitz et al., 2002). Moreover, our study extends previous findings in 
demonstrating that poor reading children already involve bilateral frontal areas 1.5 years after 
starting formal reading instruction, which clearly indicates that compensatory strategies 
develop in parallel with reading acquisition.  
 
Conclusion 
To conclude, this study demonstrates that the covert reading and mental letter substitution 
task is well suited to disclose phonological processing differences in the language network 
between young beginning, age-appropriate and poor readers. Clear differences pointing to 
deficits in phonological and lexical processing emerged in the left inferior frontal gyrus. In 
addition, poor readers not only exhibited a more bilateral activation pattern than normal 
reading children but moreover showed a pronounced overactivation in an extended bilateral 
frontotemporal network. This pronounced overactivation and the recruitment of right 
hemispheric brain regions suggest that poor readers spend more resources for successful 
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grapho-phonological decoding and retrieval of lexical information. The tendency to involve 
right frontal brain areas when performing complex phonological processes indicates that 
compensatory strategies start to emerge at the very beginning of reading acquisition. 
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Table 1: Group comparison for demographics and behavioral tests 
 
NR (n=18) 
Mean ± SD 
PR (n=14) 
Mean ± SD 
P 
Pretest age (years) 8.3±0.4 8.3±0.3 0.765 
Attention score (CBCL) 46.3±7.1 51.5±9.1 0.118 
Nonverbal-IQ (block test) 114.2±11.4 108.9±14.3 0.258 
Verbal-IQ (similarities) 125.3±13.7 111.8±13.5 0.009 
Digit span forward 6.1±1.9 5.4±1.3 0.297 
Digit span backward 4.2±1.4 4.1±1.1 0.840 
Rapid naming (speed in 
seconds) 
30.0±5.4 34.1±4.1 0.027 
Phonological score (BAKO; 
total score, percentile) 
48.2±20.1 32.3±16.6 0.024 
Reading score (SLT; words 
per minute, percentile) 
71.4±19.7 10.5±8.4 <0.001 
Writing score (SRT; ortho-
graphic errors) 
6.7±3.3 11.6±2.7 <0.001 
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Table 2a: Overall in-scanner task performance by condition 
All children (n= 38) Substitution 
Mean ± SD 
Control 
Mean ± SD 
P 
Accuracy (% correct) 81.2±9.8 86.0±11.2 0.031 
Reaction time (ms) 2838.0±253.1 2910.2±560.6 0.391 
 
 
 
Table 2b: Group comparisons of in-scanner task performance by condition 
Accuracy (% correct) NR (n=18) 
Mean ± SD 
PR (n=14) 
Mean ± SD 
P (groups) 
 
Substitution  83.3±11.1 78.0±8.4 0.143 
Control 87.5±11.9 83.3±11.3 0.323 
P (conditions) 0.226 0.120  
 
Reaction time (ms) NR (n=18) 
Mean ± SD 
PR (n=14) 
Mean ± SD 
P (groups) 
 
Substitution 2787.3±230.5 2872.6±245.3 0.321 
Control 2814.1±283.2 3033.1±811.4 0.294 
P (conditions) 0.423 0.449  
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Table 3: MNI coordinates and anatomical brain regions for fMRI activation maxima of 
the condition difference (p<0.0005, k≥15), the group comparison (p<0.005, k≥24) and 
the regression (p<0.005, k≥24) shown in Fig. 2 A-G (A-C; p<0.0005, k≥15; D-G; p<0.005, 
k≥24).  
MNI Region Hemisphere 
x y z 
T k (cluster 
size) 
(A) All children substitution  
Substitution 
Superior frontal gyrus L -3 15 54 8.56 8 
Middle frontal gyrus/ 
Inferior frontal gyrus 
L -42 0 42 8.13 1218 
Precuneus L -30 -48 45 4.96 83 
Superior parietal lobule/ 
Inferior parietal lobule 
R 33 -54 48 4.80 46 
Inferior frontal gyrus R 42 6 33 4.46 15 
Further activations were found in the caudate, cerebellum, red nucleus. 
Control  
Superior parietal lobule/ 
Inferior parietal lobule 
L -30 -51 42 5.43 105 
Middle frontal gyrus/ 
Precentral gyrus 
L -48 3 51 5.36 178 
Superior parietal lobule R 33 -57 48 5.21 58 
Middle frontal gyrus/ 
Superior frontal gyrus 
R -6 12 54 4.96 95 
Middle frontal gyrus R 54 24 36 4.31 21 
Substitution - Control  
Superior frontal gyrus/ L -3 3 66 5.83 279 
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Middle frontal gyrus 
Insula (INS)/  
Inferior frontal gyrus 
(aIFG; pIFG) 
L -33 21 12 5.77 2106 
Further activations were found in the caudate, thalamus, putamen. 
(B) Normal readers  
Substitution  
Inferior frontal gyrus/ 
Middle frontal gyrus 
L -60 6 24 7.37 229 
Superior frontal gyrus L -6 9 66 5.98 88 
Substitution – Control  
Inferior frontal gyrus L -54 30 15 7.72 348 
Precentral gyrus L -51 -3 48 5.68 28 
(C) Poor readers  
 Substitution  
Inferior frontal gyrus/ 
Middle frontal gyrus 
L -51 9 36 6.73 81 
Superior frontal gyrus R 6 15 54 6.38 165 
Insula L -42 15 3 4.81 32 
Further activations were found in the caudate. 
Control  
Inferior parietal lobule L -33 -48 39 7.05 53 
Precentral gyrus/ 
Middle frontal gyrus 
L -51 12 39 5.28 106 
Middle temporal gyrus L -66 -36 -6 5.17 29 
(D) Group comparison NR>PR 
Substitution - Control  
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Inferior frontal gyrus L -60 6 27 3.41 41 
Middle frontal gyrus L -42 0 42 3.32 29 
(E) Group comparison PR>NR   
Substitution  
Superior temporal gyrus L -60 -15 -3 4.55 120 
Cuneus L -24 -93 30 4.47 32 
Superior temporal gyrus R 63 -21 0 4.27 246 
Middle frontal gyrus R 42 18 27 3.97 304 
Middle frontal gyrus R 24 57 27 3.83 35 
Superior frontal gyrus/ 
Middle frontal gyrus 
R 24 27 57 3.78 94 
Precentral gyrus R 39 -18 39 3.67 120 
Precuneus/ 
Postcentral gyrus 
R 3 -36 48 3.60 187 
Precentral gyrus R 39 -9 63 3.59 52 
Superior parietal lobule L -39 -60 57 3.51 27 
Precuneus R 6 -63 42 3.10 73 
Superior occipital gyrus/ 
Precuneus 
R 36 -78 30 3.28 57 
Superior temporal gyrus/ 
Middle temporal gyrus 
R 60 -36 12 3.25 55 
Precentral gyrus/ 
Postcentral gyrus 
L -39 -18 42 3.21 44 
Control  
Superior temporal gyrus L -60 -18 0 5.52 960 
Superior temporal gyrus/ 
Middle temporal gyrus/ 
R 60 -18 3 4.14 483 
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Precentral gyrus 
Middle frontal gyrus/ 
Precentral gyrus 
L -54 18 30 3.98 98 
Middle frontal gyrus/ 
Insula/ 
Middle frontal gyrus 
R 42 18 24 3.58 149 
Superior temporal gyrus R 60 -42 15 3.49 49 
Further activations were found in the caudate. 
(F) Positive correlation with reading score  
Substitution – Control  
Inferior frontal gyrus L -48 27 18 3.62 31 
Inferior frontal gyrus/ 
Insula 
L -60 6 27 3.52 52 
(G) Negative correlation with reading score  
Substitution  
Superior frontal gyrus/ 
Middle frontal gyrus 
R 24 24 57 4.76 259 
Precuneus/  
Paracentral lobule/ 
Precuneus 
R 
 
 
3 -36 48 4.15 341 
Postcentral gyrus R 39 -36 69 3.98 42 
Precentral gyrus R 39 -15 39 3.73 63 
Superior temporal gyrus/ 
Middle temporal gyrus 
R 63 -21 -3 3.65 170 
Precuneus R 3 -63 39 3.57 169 
Precentral gyrus  39 -12 63 3.55 32 
Precuneus/ R 42 -75 39 3.49 95 
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Angular gyrus/ 
Superior parietal lobule 
Superior parietal lobule L -36 -57 54 3.46 25 
Middle frontal gyrus R 45 15 30 3.38 95 
Precentral gyrus R 57 -9 30 3.15 35 
Precentral gyrus L -39 -18 42 3.09 24 
Control 
Precentral R 42 -15 39 4.99 783 
Superior temporal gyrus L -66 -42 12 4.56 364 
Postcentral gyrus/ 
Precentral gyrus/ 
Middle frontal gyrus 
L -57 -12 27 4.35 375 
Precentral gyrus R 27 -21 75 4.26 24 
Superior parietal lobule/ 
Inferior parietal lobule 
L -39 -60 57 4.26 73 
Paracentral gyrus  0 -42 54 4.09 50 
Insula R 39 -30 18 3.94 35 
Postcentral gyrus R 45 -30 63 3.91 46 
Precentral gyrus L -24 -24 75 3.86 24 
Transverse temporal 
gyrus 
L -36 -36 12 3.34 35 
Superior temporal gyrus R 48 12 0 3.19 25 
Middle frontal gyrus L -24 18 39 3.19 2 
Superior frontal gyrus R 6 51 54 3.15 37 
Further activations were found in the caudate. 
Note: L=left hemisphere, k=cluster size 
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Table 4: Between-group differences (t-tests) of the percent signal change in the left 
hemispheric ROIs 
 
NR 
Mean±SD 
PR 
Mean±SD P  
Substitution 0.41±0.60 0.23±0.14 0.428 
Control 0.10±0.43 0.07±0.13 0.299 
Substitution - Control 0.50±0.40 0.18±0.11 0.014 
aIFG 
P (Substitution vs. Control) <0.001 0.143  
Substitution 0.57±0.49 0.47±0.66 0.637 
Control 0.07±0.53 0.33±0.48 0.163 
Substitution - Control 0.50±0.40 0.15±0.38 0.016 
pIFG 
P (Substitution vs. Control) <0.001 0.168  
substitution 0.38±0.51 0.42±0.39 0.832 
Control 0.03±0.39 0.20±0.37 0.223 
Substitution - Control 0.54±0.48 0.27±0.14 0.143 
INS 
P (Substitution vs. Control) <0.001 0.025  
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Figure 1 
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Figure 1: Task procedure: A) A substitution target trial is shown on the left, a control target trial is shown on 
the right. Note: only in 20% of the trials a question mark appeared (=target trial). Only in these trials, 
children were required to decide by button press on the lexical status of the newly formed 
word/pseudoword. B) A substitution trial is shown on the left, a control trial is shown on the right. In non-
target trials only a mental decision and no motor response was required. 
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Figure 2 
 
 
 
Figure 2: Condition versus baseline contrasts for S (first) and C (second) and their difference (S-C: third row) at 
cluster-extent corrected thresholds (A-C: p<0.0005, k≥15 and D-G: p<0.005, k≥24) are illustrated. In the section view 
on the right the activation detected for S (yellow-orange) and for C (blue) are overlaid on sagittal, coronal and axial 
slices for t ≥ 2.5. (A) The condition difference (substitution vs. control) for the whole sample (n=35) revealed more 
activation in the superior and middle frontal gyrus, the insula (INS) as well as the inferior frontal gyrus (aIFG and 
pIFG) for the substitution condition. (B) The condition difference (substitution vs. control) for the normal readers 
(n=18) revealed more activation in the inferior frontal gyrus and precentral gyrus. (C) No activation difference was 
detected between substitution and control trials in poor readers (n=14). (D) Normal readers exhibited more 
pronounced activation for the main condition contrast (S>C) as compared to poor (n=14) readers in the middle and 
inferior frontal gyrus. (E) No brain area showed increased activation for the condition difference in poor readers 
(n=18), but an extended network showed more pronounced activity in PR when looking at S or C vs. baseline. (F) 
The positive correlation of the condition difference with the reading score indicated an activation increase with better 
reading skills in the inferior frontal gyrus and the insula. (G) The negative correlation of the condition difference with 
the reading score showed the absence of brain areas that are specifically activated in children with poor reading 
skills. Note, when looking at the negative correlations of each condition with reading score, an extended 
frontotemporal network is related to poor reading skills (see also panel E).  
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Figure 3 
 
 
Figure 3: (A) Correlation of the behavioural reading and phonological scores. (B) Correlation of the reading 
score with the activity (percent signal change) of the condition difference in the pIFG ROI. (C) Partial correlation 
(reading score as a covariate) of the activity (percent signal change) of the condition difference in the right pIFG 
ROI with the phonological score in poor readers (PR). (D) Correlation of the reading score with the lateralization 
index of the substitution condition. NR=circles, PR=triangles, gap group=diamonds. 
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Figure 4 
 
 
Figure 4: The activation in the ROI of the left hemispheric aIFG, pIFG and INS for NR and PR are illustrated. 
The bars on the left represent the mean activity (percent signal change) for each condition separately 
(substitution: S, control: C), the bars on the right represent the condition difference (S vs. C) of the activity. 
Significant differences are marked with asterisks (posthoc t-tests: **p<0.01; *p<0.05). Error bars show the 
standard error of the mean. 
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Supplementary material 
A) Analyses of the extended group (n=46) 
A supplemental analysis including the eleven children (all: n=46, NR n=24, PR n=18) that 
have been excluded because of poor (accuracy <65%) in-scanner task performance largely 
confirmed the results of the good performing (n=35) group. The eleven children that were 
excluded on the basis of poor performance in the fMRI task belonged to all three reading 
performance groups (NR n=6, PR n=4, gap group n=1) and did not show specific attentional 
problems according to the Child Behaviour Checklist CBCL (Achenbach, 1991).  
The whole brain analyses (Fig. A, table A) revealed a similar pattern for the condition main 
effect in the insula, superior frontal gyrus, inferior frontal gyrus and additionally in the 
precentral gyrus and cingulate gyrus. Further also the group difference of the main condition 
contrast yielded a similar pattern with more pronounced activation in the left inferior frontal 
cortex. The regression analysis with the whole sample underlined the increasing activation in 
the left inferior frontal gyrus for substitution vs. control trials with reading skills. 
When repeating the ROI analyses for the extended group with the same spherical ROIs as in 
the main text (aIFG, pIFG, INS), the 2x2 MANOVAs (group x condition) showed the expected 
condition main effect in all three ROIs (aIFG: F(1,40)=19.4, p<0.001, pIFG: F(1,40)=25.0, 
p<0.001 INS: F(1,40)=26.8, p<0.001) and the interactions of condition and group in both IFG 
ROIs (aIFG: F(1,40)=8.2, p=0.007; pIFG F(1,40)=9.1, p<0.004). Post-hoc t-tests showed 
significant condition differences in all three ROIs for NR (p<0.001), poor readers showed a 
significant condition difference in the INS only (p<0.034). 
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Supplementary Figure A  
 
 
 
Supplementary Figure A: (A) The condition difference (substitution vs. control: p<0.0005, k≥15) for the 
extended sample, including those children with poor in-scanner task performance (n=46) revealed more 
activation for the substitution than the control condition in the insula, the superior frontal gyrus, inferior 
frontal gyrus as well as in the precentral gyrus and the cingulate gyrus (B) The condition difference 
(substitution vs. control: p<0.005, k≥24) for the normal readers (n=24) revealed more activation in the 
inferior frontal gyrus compared to poor readers (n=18) (C) The positive correlation of the condition 
difference with the reading score for the whole sample revealed that the inferior frontal gyrus and the 
precentral gyrus exhibited an activation increase with better reading skills (p<0.0005, k≥15). 
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Supplementary Figure B 
 
 
 
Supplementary Figure B: For the design matrix the onsets of the initial word/pseudoword and the onsets of 
the subsequently presented single letters of each of the four different trial types (SW: substitution resulting 
in W, SPw: substitution resulting in PW, CW: control W and CPw: control PW) as well as the target question 
marks were included as separate events, resulting in nine regressors. 
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Appendix A: MNI coordinates and anatomical brain regions for fMRI activation maxima 
of the condition difference, the group comparison and the regression for the group 
including the excluded children (n=46). 
MNI Region hemisphere 
x y z 
T k (cluster 
size) 
all children (n=46; p<0.0005, k≥15): substitution > control 
Insula/ 
Inferior frontal gyrus/ 
Precentral gyrus 
L -33 21 9 6.61 
 
883 
Superior frontal gyrus/ 
Cingulate gyrus 
L -3 6 66 6.02 170 
Insula L 33 21 6 4.30 19 
Further activations were found in the putamen and thalamus. 
group comparison (p<0.005, k≥24): NR > PR 
Inferior frontal gyrus L -45 27 15 4.27 282 
positive correlation with reading score (p<0.0005, k≥15)   
Inferior frontal gyrus/ 
Precentral gyrus 
L -57 6 24 5.04 251 
Middle frontal gyrus L -48 30 15 4.69 44 
Postcentral gyrus L -60 -24 36 4.19 20 
Further activations were found in the caudate, thalamus and globus pallidus 
Note: L=left hemisphere, k=cluster size 
 
 
